The fungal cell surface contributes to pathogenesis by mediating interactions with host cells and eliciting host immune responses. This review focuses on the cell wall proteome of the major fungal pathogen Candida albicans and discusses how diversity at the cell surface can be introduced by altering the expression and structure of cell wall proteins. Remodelling the cell wall architecture is critical to maintain cellular integrity in response to different environments and stresses including challenge with antifungal drugs. In addition, the dynamic nature of the cell surface alters the physical properties of the fungal interface with host cells and thereby influences adhesion to the host and recognition by components of the host's immune system. Examples of the role of cell surface diversity in the pathogenesis of a number of microorganisms are described.
Introduction
The polymorphic fungus Candida albicans is the major causative agent of fungal infections in humans. It is able to grow under various physiological conditions and to transit between yeast, pseudohyphae and true hyphae in response to changing environmental conditions. The cell wall of C. albicans is in intimate contact with host cells and is highly dynamic, responding to the environment, growth phase and stresses, and is also remodelled as C. albicans switches morphology or is challenged by agents that compromise its integrity. The C. albicans cell wall is composed of three major polysaccharides: b-1,3-glucan, b-1,6-glucan and chitin (Kapteyn et al., 2000; Ruiz-Herrera et al., 2006) . Cell wall proteins (CWPs) are normally highly mannosylated and form the outermost fibrillar layer (Fig. 1) . CWPs play key roles (1) in cell wall assembly, (2) in adhesion to host surfaces, (3) as immunomodulators and (4) in protecting the fungus from host enzymes. Therefore, these proteins have the ability to contribute directly to the virulence of C. albicans. Alterations in the cell wall proteome would introduce variation at the C. albicans surface, and such changes could enhance the ability of the fungus to evade the host's immune system and to colonize different sites of the body. Cell surface variation could be brought about by at least three processes: (1) changes in the composition of the cell wall proteome introduced by regulation of CWP expression, either transcriptionally or posttranscriptionally, (2) alterations in the characteristics of individual proteins or (3) differential glycosylation of CWPs.
Proteins are attached to the cell wall by noncovalent bonds or covalently bound via disulphide bonds or attached to the glucan network either by an alkali-sensitive linkage or, most commonly, by glycosylphosphatidylinositol-anchor (GPI-anchor) remnants ( Fig. 2) (Kapteyn et al., 2000; RuizHerrera et al., 2006) . The latter is a posttranslational modification taking place in the endoplasmic reticulum (ER). In silico approaches have predicted putative GPIanchored proteins in the genomes of different fungi, including C. albicans, using algorithms to search for C-terminal hydrophobic amino acid residues that are characteristic of GPI-anchor addition sites (De Groot et al., 2003; Eisenhaber et al., 2004) . Taking into account the data from the different computer-based analyses, around 100 C. albicans proteins are predicted to be posttranslationally modified with GPIanchors (Richard & Plaine, 2007) . Proteins modified with a GPI anchor are targeted to the plasma membrane (PM) and, in the case of yeast and other fungi, the GPI-anchor may be cleaved and covalently attached to the cell wall b-1,6-glucan (Klis et al., 1997; Frieman & Cormack, 2003) .
The majority (c. 70%) of C. albicans-predicted GPI proteins have no known function and those that have been characterized play important roles in synthesizing and maintaining a robust cell wall and in virulence. The GPIanchored Als family, for example, consists of eight members in the sequenced strain SC5314 and is involved in adhesion of C. albicans to host cells or to each other (Hoyer, 2001; Fu et al., 2002; Sheppard et al., 2004; Hoyer et al., 2008; Phan et al., 2007) . Als3, expressed on hyphae, acts as an invasin, promoting uptake of C. albicans by host endothelium (Phan et al., 2007) as well as playing a role in iron sequestration by binding ferritin (R.S. Couto de Almeida, S. Brunke, A. Albrecht, S. Thewes, M. Laue, J.E. Edwards, S.G. Filler & B. Hube, unpublished data). Hyphal-associated Hwp1 is a substrate for host transglutaminases (Sundstrom et al., 2002) . Other GPI-CWPs act in cell wall biogenesis and remodelling, for example, the Gas/Phr family (Fonzi, 1999; Eckert et al., 2006) , the Crh family and Ecm33 (Martinez-Lopez et al., 2006) . GPI-anchored aspartyl proteinases or yapsins Sap9 and Sap10 also contribute to cell wall integrity (Albrecht et al., 2006) . Others, for example, the superoxide dismutases Sod4, Sod5 and Sod6, can be predicted to have potential virulence attributes (Martchenko et al., 2004; Fradin et al., 2005) .
Comparative analysis of fungal genomes has identified a core set of conserved cell wall functions (Coronado et al., 2007) , including carbohydrate active (CAZy) transglycosidases that are cell wall-localized GPI-anchored proteins. In contrast, many other predicted GPI-proteins are lineage specific, and may reflect less evolutionary pressure on cell surface proteins (Coronado et al., 2007) . Indeed, comparative predictions of GPI-proteins in fungal species of the CUG-codon clade have revealed expansion and contractions of GPI-protein families and have identified some GPIproteins that are unique to each species (P.W. de Groot,
Postgenomic approaches have enabled a more sophisticated molecular dissection of the fungal cell wall. Predictions of cell wall-localized proteins have been accompanied by proteomics to examine the cell wall proteome under particular growth conditions, and genome-wide DNA microarrays have provided expression profiles for all genes, including cell wall-related genes. A combination of these approaches has shown the extent of the plasticity of the cell wall in terms of gene and protein expression. Proteomic studies not only identify the proteins localized in the cell wall at a given time (Pitarch et al., 2002; De Groot et al., 2004) but recent developments have also enabled the quantification of fungal CWPs (Yin et al., 2007) .
Variable CWP expression alters the cell surface Transcriptional regulation of CWPs
The best-characterized CWP genes in the context of transcriptional regulation are the hyphal-associated HWP1 (Kim et al., 2007) and ALS3 (Argimon et al., 2007) and the pHresponsive PHR1 and PHR2 (Mühlschlegel & Fonzi, 1997; Baek et al., 2006) . However, a number of transcript profiling studies have highlighted the differential regulation of a number of genes encoding GPI-proteins in response to different growth conditions and in a variety of mutant backgrounds. In some cases, the signalling pathways and transcription factors regulating GPI-protein genes have been identified. Examples include RBR1 regulated by Rim101 and Nrg1 (Lotz et al., 2004) , ALS1 regulated during biofilm formation by Bcr1 and the CRH family regulated by Ca 21 signalling . A number of predicted GPI-protein genes have also been Fig. 1 . High-pressure, freeze-substitution electron micrograph of Candida albicans yeast cell showing the outermost, mannoprotein-rich, fibrillar layer. Strain NGY152 (CAI-4 transformed with plasmid CIp10) was grown for 6 h in yeast peptone dextrose medium. Cells were harvested and frozen in liquid nitrogen using a Leica EMPACT highpressure freezer and freeze substitution was carried out in an automated temperature-controlled freeze substitution system. The samples were then embedded in epoxy resin and ultra thin (60 nm) sections were cut and stained with uranyl acetate and lead citrate (C. Collins, A. McKinnon & N.A.R. Gow, unpublished data). An electron-dense protein-rich layer is evident close to the PM and a second, marked with an arrow, extends outwards from the cell comprising the surface fibrillar layer.
highlighted as being induced in response to treatments with antifungal drugs; for example, PGA23, SAP9, PHR2, PGA52, PGA6, ECM331, KRE1, PGA13, ALS1 and CRH11 were all activated in response to caspofungin (Bruno et al., 2006) . Therefore, there is an expanding bank of evidence that genes encoding predicted GPI-proteins, some known to be localized in the cell wall, respond to a variety of signals. The consequences of such changes to the properties of the cell wall have yet to be determined.
Protein composition of the C. albicans cell wall
Of the over 100 predicted GPI-anchored proteins, only around 20 are found in the cell wall of living C. albicans cells under laboratory culture conditions by liquid chromatography (LC)-MS/MS proteomics (De Groot et al., 2004) . In principle, the LC-MS/MS is highly sensitive and should be able to detect CWPs when present at about 500 molecules per cell (De Groot et al., 2004) . The remaining GPI-proteins may be constitutively membrane linked, or may not be expressed at all or only at low, nondetectable levels under the growth conditions tested. However, it has been shown that the composition of the cell wall proteome can change when the cells are grown under different environments. For example, certain proteins are expressed at different levels in the yeast and hyphal forms of C. albicans and others are morphotype specific (Pitarch et al., 2002; Alvarez & Konopka, 2006; Ebanks et al., 2006) . Cell wall proteome variability was also observed when C. albicans was cultured under hypoxic conditions in vaginal-simulative medium and under iron-limiting conditions compared with rich medium with ambient oxygen (Sosinska et al., 2008) . At present, we have little knowledge of which proteins are exposed on the C. albicans cell surface during an infection and how the cell wall proteome differs when C. albicans grows in different niches in the host. However, knowledge of these changes will certainly be of considerable importance in our understanding of the host-fungus interaction.
Signalling pathways that generate cell surface diversity by regulating cell wall remodelling and CWP gene expression There is substantial evidence that cell wall biogenesis and maintenance is governed by a network of signalling /calcineurin signalling pathway (Cyert, 2003) in maintenance of cell integrity by regulating cell wall genes. Transcript profiling has highlighted a number of Saccharomyces cerevisiae cell wall-related genes that were responsive to Ca 21 in a calcineurin-dependent manner (Yoshimoto et al., 2002) . In C. albicans, this pathway is an important regulator of chitin synthesis (Munro et al., 2007) and controls expression of the CRH family of GPI-proteins .
DNA macroarray analysis has highlighted the involvement of the protein kinase A (PKA) pathway in C. albicans cell wall synthesis control (Sohn et al., 2003) . Moreover, Efg1, the transcription factor regulated by the PKA pathway, regulates gene expression of cell wall adhesin, Als1 (Fu et al., 2002) . In S. cerevisiae the pH-responsive/Rim101 signalling pathway has also been implicated in regulation of cell wall assembly and becomes essential in the absence of the Slt2 MAP kinase (Castrejon et al., 2006) .
In addition, more than half of the predicted CWPs of S. cerevisiae are cell cycle regulated and for three examples, Tip1, Cwp2 and Cwp1, transcriptional regulation was shown to influence correct localization (Smits et al., 2006) . Thus, specific transcription factors are responsible for the regulated expression of CWP genes under varying environmental conditions. The promoter elements of two hyphaassociated GPI-protein genes, ALS3 (Argimon et al., 2007) and HWP1 (Kim et al., 2007) , have been dissected. A major regulatory element was identified in each promoter that conferred developmental regulation and other regions of the promoters were necessary to enhance or reduce the transcriptional activation according to the environmental signal. Diverse transcription factors were shown to be involved in this regulation.
Intragenic tandem repeats and their influence on cell wall diversity and pathogenesis in microbial pathogens
Regulating the expression of the cell wall proteome introduces variability at the cell surface in response to environmental cues. However, this is not the only mechanism used to generate cell surface diversity. Some eukaryotes use epigenetic mechanisms to vary the expression of cell surface proteins. Protozoan pathogens share a strategy for immune evasion by generating antigenic variation, alternating the expression of a family of surface proteins so that only one protein is exclusively expressed at a given time (Lopez-Rubio et al., 2007) . Examples include expression of Trypansoma brucei variant surface glycoprotein (vsg) genes (Pays, 2005) and Plasmodium falciparum var genes (Ralph & Scherf, 2005) that are predominantly located in subtelomere regions of chromosomes and are epigenetically regulated. In fungi, expression of members of two families of GPI-anchored cell surface proteins is regulated by subtelomeric silencing: the Epa adhesin family of the pathogen Candida glabrata (Castano et al., 2005) and the Flo family of adhesive flocculins of S. cerevisiae (Verstrepen et al., 2005) .
Almost half of the genes predicted to encode GPI-proteins in C. albicans, contain intragenic coding tandem repeat sequences (repeats or multiples of 3 bp) (M. Legendre, C.A. Munro & K. Verstrepen, unpublished data). Expansion and contraction of the number of tandem repeat sequences within genes that encode cell surface proteins could influence how far the protein extends into the extracellular space and whether it is exposed on the surface or embedded within the cell wall matrix (Fig. 3) . In addition, variation within tandem repeats may alter the functional characteristics of the protein.
Generating diversity with tandem repeat sequences has been an active area of research in the field of bacterial pathogenesis for a number of years. There are numerous examples demonstrating that changes in tandem repeat numbers contribute to virulence by generating antigenic variation through immune evasion. Neisseria species are a prime example of how variability in tandem repeat number generates cell surface diversity and aids immune evasion. Comparison of genomes of three different Neisseria strains revealed about 20 genes containing coding tandem repeats, which differed in length between the strains (Jordan et al., 2003) . This variation is thought to create a large pool of antigens used to circumvent and escape the host's immune system. The neisserial pilQ gene can gain or lose 24-bp repetitive elements, which results in variation in the size of the secretin protein that is involved in pilus biogenesis and hence attachment to host cells. Replacement of the N-terminal repeat-containing region with the equivalent, nonrepeat containing region of Pseudomonas aeruginosa resulted in a lower level of piliation (Tonjum et al., 1998) .
Other examples of diversity of bacterial tandem repeat sequences within genes encoding cell surface proteins include the a-C protein of Group B Streptococci (Madoff et al., 1996) , the Vaa (variable adherence-associated) antigen of Mycoplasma hominis (Zhang & Wise, 1996) and an adhesinlike antigen of Mycoplasma hyopneumoniae (Wilton et al., 1998; Castro et al., 2006) . Evidence is accumulating that tandem repeat variation also contributes to virulence in fungi that cause disease in humans. In Blastomyces dermatitidis, an intragenic repeat (4.5 copies of a 25 amino acid sequence) in the cell surface protein Bad1 (former WI-1) has been shown to be involved in immune recognition (Klein et al., 1993) and adhesion to host macrophages (Newman et al., 1995) . In Histoplasma capsulatum the yeast phase-specific YPS3 gene has intragenic repeats (2-20 copies encoding a six amino acid sequence). Ysp3 is localized to the cell wall and has regions with similarity to the B. dermatitidis Bad1. Within different phylogenetic groups of H. capsulatum, YPS3 was expressed only in the more thermotolerant and virulent class 2 isolates (Keath et al., 1989) . Bohse & Woods (2007a) later showed that in such class 2 isolates, there are only two copies of the YSP3 repeat present and the Yps3 protein is expressed, whereas class 1 and 3 isolates have more copies of the repeat, but the protein is not expressed. Silencing of YSP3 by RNAi resulted in a defect in colonization of organs in a mouse model of infection (Bohse & Woods, 2007b) .
In Coccidioides immitis, SOWgp is an immunodominant glycoprotein of the spherule outer wall that contributes to adhesion to host extracellular matrix (Hung et al., 2002) . SOWgp contains a proline/aspartate-rich intragenic tandem repeat that varies in copy number between clinical isolates. A study of SOWgp repeat evolution in strains of C. immitis and Coccidioides posadasii indicated that the repeats undergo concerted evolution due to unequal crossing over and homogenization of repeat units (Johannesson et al., 2005) . Concerted evolution of SOWgp repeat units could, in principle, enhance the ability of Coccidioides species to evade the host's immune response. Verstrepen et al. (2005) applied the EMBOSS ETANDEM program to the analysis of the S. cerevisiae genome to identify genes that contained tandem repeat sequences. Genes encoding cell wall proteins were prominent in this screen and included FLO1, encoding a cell wall flocculin. The size of the tandem repeat region varied between different yeast strains. These differences influenced the length of the Flo1 protein and a direct relationship between FLO1 tandem repeat region length and adhesion was observed. The ETANDEM software has also been applied to the genome of the filamentous fungal pathogen Aspergillus fumigatus and identified 292 genes with internal repeats (Levdansky et al., 2007) . The size of the tandem repeat regions varied in A. fumigatus clinical isolates in 14 out of 30 genes examined and there was a clear enrichment for cell surface proteins, with four out of the 14 variable genes encoding predicted GPI-proteins. Disruption of one of these genes Afu3g08990 resulted in reduced adhesion to intact A549 lung extracellular matrix but did not affect virulence in a murinedisseminated aspergillosis model (Levdansky et al., 2007) .
The diploid C. albicans contains a family of adhesins encoded by the ALS genes that play important roles in virulence. The Als family resembles the agglutinin proteins of S. cerevisiae and contains intragenic tandem repeats. Variation in the length of the ALS gene-repeat regions has been observed in different C. albicans isolates, initially with ALS1 and since with the other family members. In particular, ALS7 was identified as a hypervariable contingency gene with 60 different ALS7 alleles found in 66 clinical isolates (Zhang et al., 2003) . Diversity was generated by variation in the number of 108-bp tandem repeats as well as in the VASES (Val-Ala-Ser-Glu(E)-Ser)-rich region, found in the 3 0 half of the gene, which contains a number of different repeats. Variation between the two alleles encoding ALS genes within the same isolate has also been observed, especially for ALS9 (Zhao et al., 2003) . Indeed, the extent of variation between the 5 0 ends of two ALS9 alleles is enough to confer functional differences, altering adhesion to human vascular endothelial cells (Zhao et al., 2007a) . Allelic variation in the tandem repeat copy number of ALS3 has been demonstrated among different clinical isolates and within a strain (Oh et al., 2005) . In SC5314, one allele containing 12 copies of the tandem repeat was found to have a more significant adhesive function than the other allele that contained nine tandem repeat copies (Oh et al., 2005) . ALS5 and ALS6 do not appear to be as variable as the other ALS genes. However, there was a tendency to see trends that were related to the geographical location of the isolate tested (Zhao et al., 2007b) . The Als5 threonine-rich tandem repeat region positively influenced both cell-to-cell and fibronectin adhesion when expressed in S. cerevisiae (Rauceo et al., 2006) . Zhao et al. (2007b) tested the stability of the tandem repeat region by monitoring the size of ALS3, ALS5 and ALS6 repeat regions in four strains over 3000 generations in vitro and observed no variation. Thus, despite the variation in ALS tandem repeat size between different clinical isolates, in a single strain the size of the tandem repeat region appears to be relatively stable under these laboratory conditions. However, this work was carried out in vitro under nonstressed conditions, and it would be interesting to repeat these experiments after exposing cells to stress or after in vivo carriage. It is possible that C. albicans, like other microbial pathogens, uses the tandem repeats in CWPs to generate variability in their functional characteristics including adhesion to host tissues and to introduce diversity in the antigens presented to the host's immune response.
Other mechanisms that regulate cell surface diversity Changes in the protein complement of the fungal cell wall have further implications. The proteins exposed on the outer layers of the wall are heavily mannosylated by the addition of highly elaborated, extensively branched N-linked glycans to asparagine residues and short, linear O-linked glycans to serine and threonine residues. Both O-and N-linked glycans are important pathogen-associated molecular patterns (PAMPs) that are recognized by receptors on cells of the innate immune response (Netea et al., 2008) . The majority of CWPs are characterized by an abundance of serine and threonine residues. Therefore, altering the cell wall proteome could subsequently alter the glycans that protrude from the cell surface and contribute to the massive heterogeneity of the cell surface. In many cases, the tandem repeat regions discussed above are serine-/ threonine-rich, and so variation in tandem repeat copies will also modify the outer layer glycans. Heterogeneity of the C. albicans cell surface also arises from variation in phospholipomannan, a glycolipid structure with immunomodulatory properties that is glycosylated exclusively by b-1,2-mannosylation. Different phospholipomannan structures have been shown to contribute to the immunoreactivity of C. albicans strains that defines them as either serotype A or B. Phospholipomannan of serotype B strains displayed shorter glycan chains and a higher abundance of b-1,2 mannotriose compared with serotype A phospholipomannan (Trinel et al., 2005) .
In the encapsulated fungal pathogen Cryptococcus neoformans, structural differences within the capsular polysaccharide glucuronoxylomannan are on such a scale that, in theory, each cell could synthesize a unique capsule (McFadden et al., 2007) . The capsule is a key virulence factor enabling C. neoformans to survive and escape from phagocytic cells, and antigenic variation arising from an infinite combination of polysaccharide epitopes is likely to be an important contributor to host evasion.
Proteins that are destined for the cell wall possess an N-terminal signal peptide that enables translocation to the ER and subsequent transport to the PM via vesicular transport. In the ER, most CWPs are modified by the addition of a GPI-anchor that tethers them to the membrane. Ultimately, in GPI-anchored proteins destined to be localized in the cell wall, the GPI-anchor becomes modified and the protein is covalently attached to b-1,6-glucan. Little is understood about this mechanism and its regulation and whether this step could control which GPI-proteins are transferred to the cell wall and which remain attached to the PM. Other GPI-proteins may be involved in this step and key candidates are the synthetically lethal Dfg5 and Dcw1 that bear some resemblance to bacterial mannosidases. Although we have some understanding of how the major cell wall polysaccharides are synthesized, we still know very little about how the mature cell wall is assembled and much effort has been channelled into identifying the enzymes that cross-link the various cell wall components. Proteins with cross-linking properties are likely to be extracellular, membrane or cell wall localized, and research has focused on the GPI-proteins that are members of the Gas and Crh families, as well as the yapsins.
Conclusions and outlook
Analysis of the fungal cell wall continues to be an active and exciting area of research. The cell wall should no longer be thought of as an inert and immutable structure, but rather as a highly dynamic organelle that is being continually remodelled in response to growth conditions and stress. Changes in the biochemical and physical properties of the wall as a result of this remodelling have implications for interactions of fungi with their environments. In fungal pathogens the cell wall constitutes the interface with the host. As yet we know little about cell wall remodelling during an infection. Future advances in proteome technologies, in association with laser capture microscopy to extract samples from foci of infection in tissues, will enable us to study how the fungal cell wall proteome changes in different niches in the host.
Through a number of different approaches, C. albicans CWPs that are important targets for both humoral and cellmediated immune responses have been identified. Examples include the putative glucanases Bgl2 (Pitarch et al., 2006) , Camp65/Scw1 (De Bernardis et al., 2007) and the adhesins Als1 and Als3 (Ibrahim et al., 2006) . Vaccines using the latter three proteins have been protective in animal models of candidiasis. Therefore, studying the regulation, structure and dynamic remodelling of the cell wall proteome contributes to our understanding of how pathogenic fungi interact with the host during an infection and which wall components are important for host recognition. In turn, this will aid the development of better diagnostics, novel vaccines and biomarkers, important areas that have the potential to improve the treatment of patients with lifethreatening fungal infections.
